Staphylococcus aureus is the leading cause of wound and nosocomial infections.
knowledge on molecular mechanisms of persister formation was mainly derived from 1 0 4 E. coli (9, 11, 15, 21, 27) . In recent years, there have been some studies on 1 0 5 mechanisms of S. aureus persister formation. ClpC was found to be a critical factor in 1 0 6 staphylococcal energy metabolism, stress regulation, and persisters survival (36). Glycerol metabolism is important for S. aureus persister formation (37). Knocking out 1 0 8 sucA and fumC caused high level of persisters formation which indicates that 1 0 9 energy-generating components could serve as a mechanism of S. aureus persister 1 1 0 formation (24). Oxidative stress defense mechanism regulated by msaABCR operon is Despite several studies have been carried out on the mechanisms of persister The ability of S. aureus to cause diseases depends on a diverse range of virulence tetracycline was used at 10 μ g/mL. As for the persister assay, antibiotics were used at 1 6 8 the following concentrations, ampicillin, 10 μ g/mL; norfloxacin, 20 μ g/mL. we had constructed previously (37) were thawed at room temperature and transferred again with 200 μ L TSB and incubated at 37 o C. Ampicillin at 10 μ g/mL was added to 1 7 6 one plate at 9 hours and another at 18 hours. After incubation for 3 and 6 days, the 1 7 7
cultures were transferred to TSA agar plates by using a 96-well replicator and grown 1 7 8
at 37 o C overnight. The mutants that did not grow at the above condition were picked 1 7 9
from the corresponding original wells, cultured in TSB medium and rescreened by 1 8 0 repeating the process above to confirm the phenotype. 1.0 and P-value < 0.05 were considered statistically significant. In an attempt to identify mutants with defect in persister formation, we screened the S. aureus transposon mutant library for deficiency in survival upon ampicillin (10 4 0 8 μ g/mL) exposure. Five mutants were initially obtained after the mutant library screen. But after repeated screens, only the rpvA mutant consistently showed a defect in 4 1 0 persister survival in 9-hour cultures and was therefore chosen for further analysis. Then recombinant plasmid pT181-rpvA was constructed and transformed into the rpvA mutant for complementation. The susceptibility to different antibiotics and 4 1 7 stresses, and the virulence of the wild type, the rpvA mutant and its complemented 4 1 8
strain were analyzed as below. To assess the susceptibility of the rpvA mutant to various antibiotics, including were performed with the wild type Newman strain as a control. The results showed 4 2 4 that the rpvA mutant transformed with the vector was two-fold more susceptible to 4 2 5 most antibiotics than the parent strain except vancomycin (Table 3) . Complementation of the rpvA mutant with the wild type rpvA gene restored the wild-type level 4 2 7
susceptibility to the antibiotics in both MIC and MBC tests (Table 3) . To determine the effects of the rpvA mutation on bacterial survival upon drug 4 3 0 exposure at different culture times (3, 6, 9, 10, and 18-hour) , wild type Newman strain, 4 3 1 the rpvA mutant and its complemented strain were exposed to ampicillin and 4 3 2 norfloxacin, respectively. Antibiotic exposure assay showed that at early logarithmic was not significantly different from the wild type strain (Figure2A), but at late 4 3 5 logarithmic phase stage (6 hours) and early stationary phase stage (9 hours), the rpvA 4 3 6 mutant was more susceptible than the wild type. The rpvA mutant showed lower level 4 3 7 of persisters than the wild type strain after 1 day or longer in ampicillin or norfloxacin rpvA mutant was more susceptible to heat, starvation, and oxidative stress 4 4 5
To determine the effect of heat on the survival of the rpvA mutation, 9-hour cultures 4 4 6 of the wild type, the rpvA mutant and its complemented strain were exposed to 58± 4 4 7 0.1 o C. The rpvA mutant was much more sensitive to heat exposure than the others, 4 4 8
and was completely killed after 2 hours of exposure, whereas the wild type and the 4 4 9
complemented strain had 10 4 and 10 3 CFU mL -1 surviving bacteria, respectively 4 5 0 (Figure 3 A) . To determine the effect of hydrogen peroxide on the survival of the rpvA 4 5 1 mutant, 9-hour cultures of the wild type, the rpvA mutant and its complemented strain 4 5 2
were exposed to hydrogen peroxide (100 mM). Viable counts at different time points 4 5 3
showed that the rpvA mutant was much more sensitive to H 2 O 2 exposure than the wild 4 5 4 type and the complemented strain, and was completely killed after 2 hours of 4 5 5 exposure, whereas the wild type had 10 7 CFU mL -1 surviving bacteria after 4 hours of To determine the effect of starvation on the survival of the rpvA mutation, 48-hour 4 5 8
cultures of the wild type, the rpvA mutant and its complemented strain were 4 5 9
suspended in saline and the survival of the bacteria was monitored at different time 4 6 0 points. The results showed a more pronounced susceptibility to starvation of the rpvA 4 6 1 mutant than the others. The survival of the rpvA mutant decreased 100-fold after 1 day 4 6 2 of starvation, and no surviving bacteria were detected after 15 days, whereas the wild 4 6 3 type strain still had 10 8 and 10 6 CFU mL -1 survivals after 1 day and 15 days of The intracellular survival of the S. aureus Newman wild type strain, the rpvA mutant 4 6 9 and its complemented strain was assessed by using human THP-1 phagocytosis test.
The survival of the rpvA mutant in THP-1 cells decreased 100-fold after it was 4 7 1 phagocytized 24 hours, whereas the wild type only decreased 10-fold. The rpvA 4 7 2 mutant complemented strain restored its survival partially ( Figure 4 ). Virulence of rpvA mutant is severely attenuated in mice
The LD 50 of the rpvA mutant in BALB/c mice was significantly higher than that of the complemented strain displayed a more clear skin ulceration and damage (Figure 5 A).
8 9
Examination of the HE stained mouse skin lesions discovered that except for the 4 9 0 control group, the wild type group, rpvA mutant group, and its complemented strain arrow). The bacteria in abscesses were harvested and the numbers were counted as 4 9 7
described (47). The Log CFU mL -1 of the rpvA mutant in the lesions was 3.09 ± 0.12,
which was decreased about 10,000-fold compared with the initial injected number. The Log CFU mL -1 of the wild type in the lesions was 4.51 ± 0.45, which was indicate that rpvA plays prominent roles during S. aureus Newman skin infection. RNAseq results revealed that in 6-hour cultures, 38 genes in the rpvA mutant were 5 0 6
down-regulated, while 73 genes were up-regulated significantly (log2.fold_change.>2) 5 0 7 compared with the parent strain (Table 4 ). qPCR confirmed that except pgk, all other 5 0 8
genes (eno, pgm, tpi, gapA, mtlD, crtM, hla, and hlgB) expression trends were similar 5 0 9
to those from the RNA-seq results. These significant differentially expressed genes 5 1 0 are distributed in metabolism pathways, including global and overview metabolism, 5 1 1 carbohydrate metabolism, energy metabolism, lipid metabolism, nucleotide 5 1 2 metabolism, amino acid metabolism, metabolism of cofactors and vitamins and others, groups (Figure 8 A and B ). In the supervised OPLS-DA models, it became evident 5 3 0 that the wild type group was clearly distinct from the rpvA mutant group, and the R2 5 3 1
and Q2 values of the OPLS-DA models parameters showed good adaptability and cultures between the rpvA mutant and wild type samples, of which 70 were decreased 5 3 6 (Fold change < 1) and only 6 were increased (Fold change > 1) ( Transcriptome-metabolome data co-analysis 5 4 8
To associate the results of transcriptomics and metabolomics analyses, we compared 5 4 9 the metabolic pathways distributed by differentially expressed genes and metabolites. In total, matches to 19 metabolic pathways showed changes. Further analysis of these 5 5 1 differential metabolic pathways revealed that they were mainly involved in global 5 5 2 overall metabolism, including carbohydrate metabolism, amino acid metabolism, Virulence gene expression of rpvA mutant was significantly down-regulated 5 5 7
In order to analyze the reason for the decreased virulence of the rpvA mutation, we 5 5 8 performed qPCR to detect the virulence gene expression levels of the rpvA mutant 5 5 9
and wild type in 6-hour cultures. The results showed that among the main virulence were significantly lower than those in the wild type (P value < 0.05) ( Figure 12 ). RpvA fragment can binds to promoters of crtM, hla and hlgB 5 6 5
Due to the complex structure of RpvA, we could only express a soluble truncated A). Based on our findings on the phenotypes of the rpvA mutant and the RNA-seq results, we speculated that the transcriptional regulator RpvA may modulate virulence genes (hla, hlgB) and pigment production gene (crtM) by binding to promoters of the 5 7 0 corresponding factor genes. To test this hypothesis, promoters of the three gene 5 7 1 operons were amplified by PCR and used for gel shift assay. As expected, the mobility 5 7 2 of the three promoters became more hindered with increasing concentrations of the truncated RpvA, GB1-VpmR-S1, and formed obvious bands with lower 5 7 4 electrophoretic mobility. Meanwhile, VpmR-S1 did not bind to yacG coding sequence transitions from log phase to stationary phase remains unclear. In this study, we 5 8 1 identified a novel transcription factor, RpvA whose mutation caused a global defect in 5 8 2 persistence to various antibiotics and stresses with attenuation of virulence. RpvA is a 5 8 3
novel LysR family transcriptional regulator and its function was previously unknown.
8 4
Transcriptional regulators can impact persister metabolism and cell survival (62, 63). can regulate a diverse set of genes, including those involved in virulence, metabolism, 5 8 7
cell death, quorum sensing and motility in S. aureus (62, 64) . Our study showed that 5 8 8
RpvA is a novel transcription factor and an important global regulator for cellular 5 8 9 metabolism, which allows S. aureus to form persisters and maintain stress resistance 5 9 0 through regulating global metabolism including carbohydrate and amino acid 5 9 1 metabolism, energy metabolism and metabolism of cofactors and vitamins, and 5 9 2 enhance pathogenesis by increasing virulence factor expression in S. aureus. Faced with environmental challenges such as antibiotics, stresses and nutrient 5 9 5 deficiency, bacteria can adjust the cellular metabolism in a timely manner to form 5 9 6 dormant persister cells, which can tolerate high stress levels and bactericidal effect of antibiotics (5, 6, 65). Previous studies have shown that many metabolic pathways involved in the formation of persisters (66, 67). Based on the transcriptomics and 6 0 0 metabolomics analyses, we systematically analyzed the pathways by which RpvA 6 0 1 could regulate the metabolism of S. aureus ( Figure 14 ). Our work confirmed that the 6 0 2 rpvA mutant had reduced persister formation in the early stationary phase (before 10 6 0 3 hours culturing). The major findings of RNA-seq revealed that at 6-hour culture stage, 6 0 4 there were 73 genes upregulated but only 38 genes down-regulated in rpvA mutant 6 0 5 compared with S. aureus Newman wild type (Table 4 ). Most upregulated genes (tpi, gapA, pgm, eno, acs, glmS, glpD, narJ, narG, narH, alsS) likely to be involved in formation of persisters rather than the persister survival. Similar phenomena and patterns were also confirmed by subsequent metabolomics. Analysis of all 76 differential metabolites between the rpvA mutant and wild type 6 1 7 strain at the same time as RNA-seq revealed that 71 metabolites were decreased in the 6 1 8
rpvA mutant, and only 5 species were increased, confirming that the rpvA mutation 6 1 9
caused the metabolism of the bacteria to be highly active, which is reminiscent of the
PhoU mutant which is a global regulator involved in persister formation in E. coli (Li 6 2 1
and Zhang, 2007) . In contrast, RpvA in the wild type bacteria presumably serves to 6 2 2 inhibit bacterial metabolism, resulting in slow metabolism and accumulation of 6 2 3 metabolites that would facilitate formation of persisters ( Figure 6 , 7, 9, and 10. Table   6 2 4 4 and 5). Carbohydrate metabolism is the main pathway for bacteria to obtain energy, and 6 2 7
decreased ATP production can promote persister formation (29) (30) (31) Our transcriptional profiling and metabolomic analysis found that RpvA is also 6 5 1 involved in amino acid synthesis and metabolism, lipid, nucleotides, and vitamin 6 5 2 metabolism, and peptidoglycan synthesis ( Figure 6 , 7, 9, and 10. interesting that glpD whose product Glycerol-3-phosphate (G3P) dehydrogenase 6 5 4 catalyzes G3P transformation in the rpvA mutant is significantly increased, inhibits GpsA by a negative feedback mechanism, and eventually cause accumulation glycerophosphocholine which are linked with bacterial membrane synthesis were also 6 6 9
decreased in the rpvA mutant compared with wild type. Integrity and permeability of 6 7 0 cytoplasmic membrane affect persister sensitivity to antimicrobials (72) and could 6 7 1 explain the increased susceptibility of the RpvA mutant to antibiotics and stresses. 7, 9, and 10. and enhance tolerance to antibiotics significantly (24). A significant decrease of 6 9 1 L-tryptophan, L-arginine, L-glutamate, L-glutamine, L-histidine, L-aspartate, and 6 9 2 D-proline identified in the rpvA mutant could underlie the defect in persistence as 6 9 3 seen in this study. peptidoglycan synthesis contributes to persister formation (75). Our study showed that synthesis, were significantly decreased in the rpvA mutant, which may not be 7 0 0
conducive to the formation of persisters. It is well known that staphyloxanthin 7 0 1 function as antioxidants which can protect S. aureus against oxidative stress (76). phytoene dehydrogenase (crtI), which could cause the mutant to be more sensitive to 7 0 5 the peroxide stress as seen in this study. regulator for virulence factors in S. aureus (Figure 15 ). These can explain why the 7 1 0
Newman wild type survived better in macrophages, had lower LD50 and higher 7 1 1 pathogenicity in the murine skin abscess model than the rpvA mutant ( Figure 4 and 5). Consistent with the above finding, qPCR study showed that the major virulence genes ions, leading to necrotic death of the target cell (42) The higher expression of genes for coagulase, exfoliative toxins, and enterotoxins in 7 3 2 the wild type Newman strain compared with the rpvA mutant can explain the higher 7 3 3 virulence in the wild type Newman strain but attenuated virulence in the rpvA mutant. In addition, we found that RpvA can enhance carotenoid staphyloxanthin production 7 3 5 which help the microbe copy with reactive oxygen species (ROS) generated by In summary, we identified a novel LysR-type transcription factor RpvA that is a RpvA is involved in persister formation, stress response and enhancing virulence, it should serve as an attractive target for developing persister drugs and vaccines for 7 4 9 more effective control of S. aureus infections. contained 10 ng DNA segments, which was co-cultured with 0, 0.1 and 0.2 μ g 1 0 1 7 GB1-VpmR-S1 respectively at 30 o C for 25 min before loading into the complemented strain for different antibiotics. 
